phosphorylation associated with sperm capacitation in all the species studied up to now. 4, [13] [14] [15] [16] In human sperm, the PKA activity is maximal at 30 min of capacitation. [17] [18] [19] As mentioned above, the production of ROS and activation of the PKA pathway are early events during mammalian sperm capacitation. Other capacitation-associated phosphorylation events have been described -mainly in human spermatozoa -that occur later in capacitation; the necessity of the mitogen-activated protein kinase (MEK), extracellular-regulated kinase (ERK), phosphoinositide-3 kinase/Akt (PI3K/Akt pathways, and tyrosine phosphorylation are essential in guaranteeing activation of the spermatozoon during capacitation. [20] [21] [22] [23] [24] Interestingly, these phosphorylation events are tightly regulated by ROS [21] [22] and this regulation is phosphoprotein specific; for example, capacitation by NO
INTRODUCTION
Mammalian sperm capacitation is an essential process to guarantee fertilization of the mature oocyte. 1, 2 It is a complex process that normally occurs in the oviduct and involves biochemical and morphological changes to enable the spermatozoon competent to bind to the zona pellucida, penetrate it and finally fuse with the oolema. 1, 3 Biochemical changes at the level of the plasma membrane and other subcellular compartments have been associated with sperm capacitation. 1, 2 Early events during capacitation are the activation of adenylyl cyclase (AC) producing cAMP, activation of calcium channels, production of reactive oxygen species (ROS), cholesterol efflux from the plasma membrane, increase of intracellular pH, and activation of protein kinases among others. 1, 3, 4 It is now well-established that mammalian sperm capacitation is an oxidative event. 2, 3, 5 The production of ROS is an early event during the series of modifications that occur during capacitation but increasing concentrations of superoxide anion (O 2
•-), hydrogen peroxide (H 2 O 2 ), nitric oxide (NO • ), and peroxynitrite (ONOO -) [6] [7] [8] [9] [10] are produced over time during capacitation. The roles of ROS during capacitation are diverse and complex and involve the activation of several targets located on the plasma membrane and in other sperm compartments. As an early event, O 2 • and NO • activate AC that produces cAMP during sperm capacitation. 11, 12 This activates protein kinase A (PKA), which is essential to support the late tyrosine H 2 O 2 also exerts a specific role at the time of activating kinases for sperm capacitation. This ROS is responsible for activating PKC that in turn will phosphorylate Raf to activate MEK-like proteins that are needed for triggering late tyrosine phosphorylation. 20 However, H 2 O 2 does not stimulate the ERK pathway, which is activated by NO
• and O 2
•-. 25, 26 The findings presented above support the idea of crosstalk among different phosphorylation pathways that are specifically and tightly regulated by ROS in very specific manners. 21, 22 PROTEIN SULFHYDRYL LEVELS CHANGE DURING SPERM CAPACITATION There are at least two forms of redox regulation. One involves the sulfhydryl/ disulfide (SH/SS) pair and the second the ferrous/ferric (Fe +2 /Fe +3 ) pair, usually present in iron-sulfur clusters. The latter is less common in animals but is found in human glutaredoxin and is involved in deglutathionylation. 27 The SH/SS pairs are in balance but the redox state is dynamic and can change depending on the needs of the cell. 28, 29 Cellular responses to ROS include reversible redox signaling and irreversible nonenzymatic reactions, 30, 31 the extents of which depend on the nature and concentration of the ROS involved. The molecular action of ROS during capacitation is in part due to their reaction with SH by activating or inactivating enzymes. 32, 33 Protein kinases such as PKC, Ras, and other enzymes such as the already mentioned AC, among others, are susceptible to react with ROS for activation. [34] [35] [36] [37] These kinases are responsible for the increased levels of different forms of phosphorylation associated with capacitation. 22, 38 However, these increases can also be achieved by the complementary inactivation of protein serine/threonine or tyrosine phosphatases. It is known that these enzymes are also frequent targets of ROS, 39, 40 but it has yet to be confirmed whether this complementary inactivation of phosphatases by ROS occurs during mammalian capacitation.
Complex redox modifications of SH take place during sperm capacitation. There is an increase in the SH content of Triton X-100 detergent-soluble proteins, which is time-dependent occurring during the first 30-60 min of capacitation. 32, 33 This is a controversial phenomenon as capacitation is generally considered an oxidative process. Interestingly, cryopreservation, a process known to cause oxidative stress, induces premature capacitation 41 and increases the SH content of Triton-soluble proteins along with a redistribution of these SH moieties on the sperm plasma membrane. 32, 42 Thus, it is possible that a rearrangement of SH-carrying proteins on the sperm plasma membrane occurs at the beginning of capacitation. 3 A two-dimensional gel electrophoresis approach to human spermatozoa revealed both increases and decreases in sperm proteins during capacitation occurring in a sequence similarly to the production of O 2
•-and preventable by superoxide dismutase (SOD) or catalase (CAT). 33 The identity of those proteins that change their SH content upon capacitation remains to be known; however, it is possible that peroxiredoxins (PRDXs) -antioxidant enzymes that have SH groups in their active sites -might show these changes during capacitation. PRDXs are key players in the modulation of ROS signaling in somatic cells. [43] [44] [45] Some sperm proteins, with a molecular mass and isoelectric point similar to those of PRDXs, 46, 47 are oxidized by H 2 O 2 during capacitation. 33 The role of PRDXs in human spermatozoa is discussed in a separate section below.
SPERM OXIDASE AND SOURCES OF REACTIVE OXYGEN SPECIES FOR SPERM CAPACITATION
The identity of the sperm oxidase involved in capacitation remains elusive. Importantly, it is not clear whether the same enzyme is responsible for generating both O 2
•-and NO • during capacitation, depending on the species under study.
Two types of enzymes could responsible for ROS generation during sperm capacitation: NAD (P) H oxidases and NOS. One of the first candidates for O 2
•-generation in human spermatozoa was NOX1; however, the characteristics of this production (measured by chemiluminescence using the O 2
•--specific probe MCLA) between the sperm oxidase and NOX1 from neutrophils are completely different. 3, 6 Thus, (1) the amounts of O 2 •-produced by spermatozoa during capacitation are more than three orders of magnitude lower than those of activated neutrophils. The O 2
•-production takes place over a period of hours in spermatozoa instead of the 30-40 min seen in leukocytes; (2) zinc (Zn 2+ ) or semenogelin (Sg) have a greater inhibitory effect on O 2
•-production in spermatozoa than in neutrophils; and (3) kinases such as PKC, PTK, and ERK, which activate NOX1 have no influence in production by human spermatozoa. 2, 25, 48 Immunocytochemistry and immunoblotting studies also confirm the absence of NOX1, NOX2, and NOX4 in human spermatozoa. 49 Another plausible candidate might be NOX5, which has been identified and associated with motility in human and equine spermatozoa. [49] [50] [51] However, because of its localization -mostly in the flagellum and midpiece and its regulation by PKC -it is unlikely that this isoform is the source of O 2
•-required for sperm capacitation. As mentioned above, NO
• is another important ROS involved in mammalian sperm capacitation [6] [7] [8] [9] [10] and several NOS isoforms have been described in mouse and human spermatozoa that might play important roles as generators of NO • , because specific inhibitors of this enzymes such as L-NAME or L-NMMA prevent sperm capacitation in these species. 52 Moreover, ROS can be induced by other forms of ROS during sperm capacitation. 53 Thus, human spermatozoa incubated with DA-NONOate (a NO
• donor) and SOD, a scavenger of O 2
•-
, or with the xanthine-xanthine oxidase (X-XO) system, a well-known O 2
•-generator and either L-NAME or L-NMMA, were unable to undergo capacitation. Moreover, the addition of DA-NONOate triggered the production of O 2
•-in a dose-dependent manner and the production of NO
• was stimulated by the X-XO system. This series of experiments demonstrates that the production of O 2
•-depends on NO
• , and vice-versa. Although mammalian spermatozoa are able to produce O 2
•-and NO • during capacitation it is still yet to be elucidated whether the sperm oxidase is one enzyme that produces both forms of ROS, or whether oxidase/s and NOS are present in the plasma membrane and are responsible for producing the ROS necessary for capacitation.
Capacitation-associated ROS production must occur at the plasma membrane level in human and bull spermatozoa because capacitation was prevented by the addition of SOD or CAT to the incubation medium ( Figure 1) . 8, 53, 54 These antioxidant enzymes act outside the spermatozoon, removing the ROS generated upon stimulation with capacitation inducers in both species. 8, 53, 54 Noteworthy, ROS production by human spermatozoa stimulated with NADPH cannot be prevented by mitochondrial inhibitors such as antimycin A, rotenone or carbonyl cyanide m-chlorophenylhydrazone. 55 From these studies, it is clear that the sperm oxidase resides in the plasma membrane and is unlikely that the mitochondria are the source of ROS for capacitation.
Proteomics analyses of human spermatozoa revealed the presence of other oxidases like DUOX2. 56 This enzyme is capable of generating H 2 O 2 and might be responsible for the oxidative stress present in human spermatozoa in some cases of male infertility. [57] [58] [59] It is yet to be demonstrated whether DUOX2 contributes to the generation of ROS necessary for capacitation. Because it shares characteristics with the NADPH oxidase of phagocytes, 56 it is unlikely that DUOX2 has a critical role in the generation of physiological levels of ROS for capacitation.
Regardless of the identity of the sperm oxidase, it is clear that NAD (P) H is essential to generate either O 2
•-or NO • . 60 Possible sources of these reducing equivalents were identified in studies using bull spermatozoa under capacitating conditions. The isoform C4 of lactate dehydrogenase is specific to testis and spermatozoa, and it was found in several species including the bovine and human. 61, 62 It generates NADH upon oxidation of lactate into pyruvate. It is found in the cytosol, in mitochondria and the plasma membrane of many species [63] [64] [65] and this isoform represents more than 80% of LDH activity in spermatozoa. 61 Because of its multiple locations, LDH-C4 is a strong candidate to generate NADH in different compartments of the spermatozoon. LDH-C4 has been associated with fertility, because of its participation in the energetic metabolism of mature spermatozoa 66 and in capacitation evidenced in studies on bull and mouse spermatozoa. 65, 67 Moreover, a low level of LDH-C4 activity has been associated with partial or total reductions in sperm motility and concentration. 68 Spermatozoa from the bull (and other species) utilize pyruvate and lactate (generated by LDH-C4) as oxidative substrates for mitochondrial respiration 69 and capacitation 65 ( Figure 2) . The cytosolic isoform of LDH-C4 converts lactate into pyruvate and NADH. Then, pyruvate can enter into the mitochondrial to be converted into acetyl-CoA by pyruvate dehydrogenase and enters into the Krebs cycle to generate reducing equivalents that will be used in the respiratory chain to generate ATP. This ATP will be used for energy purposes and to provide phosphate groups to support the series of phosphorylation events required during sperm capacitation. 22, 65, 70 The pyruvate not used for energy purposes could be converted into lactate by mitochondrial LDH-C4 and will diffuse to the cytosol to re-feed the production of O 2
•-by the oxidase 65 ( Figure 2) . Although the extracellular production of O 2
•-necessary for sperm capacitation is well-documented in different mammalian species, [6] [7] [8] [9] [10] it is possible that other oxidases might exist in the spermatozoon and be involved in capacitation. The incubation of bull or human spermatozoa with NADH promotes capacitation without involving extracellular production of O 2
•-. 65, 71 The existence of a LDH-C4 in the plasma membrane of bull spermatozoa 65 suggests that extracellular NADH added to the medium can be used along with pyruvate (already present in the medium) by this enzyme to produce lactate that will diffuse into the cytosol and be used by cytosolic oxidases that will generate O 2 •-and/ or H 2 O 2 to stimulate targets on the plasma membrane (e.g., AC) or in the cytosol (e.g., kinases) to promote capacitation (Figure 3) .
The addition of NADPH has been associated with the production of O 2
•-in human spermatozoa, which is not prevented by inhibitors of the respiratory chain. 55 Even though spermatozoa are able to utilize this reducing equivalent to generate O 2
•-, the inability of SOD or CAT to prevent NADPH-induced capacitation, clearly indicates that extracellular NADPH is not involved in the generation of O 2
•-necessary for capacitation. 65, 71 This discrepancy has been resolved recently; thus, extracellular NADPH-induced capacitation and NO
• production, which are prevented by L-NMMA (an inhibitor of NOS) but not by SOD. 48 The in vivo supply of NADPH could be accomplished by two different enzymes: glucose 6-phosphate dehydrogenase (G6PDH) and isocitrate dehydrogenase (ICDH) (Figure 4) . Both enzymes are present in the cytosol of spermatozoa; however, their presence will vary depending on the species under study. For instance, G6PDH is present in human 72, 73 but absent in bull spermatozoa. 70, 74 The presence of ICDH activity was found in bull spermatozoa and its inhibitor, oxalomalate, prevented sperm capacitation, suggesting an important role for this dehydrogenase to activate bull spermatozoa. 70 Proteomics studies by different laboratories also confirmed the presence of ICDH in human spermatozoa; 56, 75, 76 whether the ICDH is involved in human sperm capacitation remains unknown.
The regulation of extracellular O 2 •-production involved in human sperm capacitation has been elucidated recently. Upon ejaculation, Sg, the major protein present in the seminal plasma and Zn
2+
, also abundant in this fluid, keep the sperm oxidase inactive before capacitation. 77 When spermatozoa are incubated under capacitating conditions, Sg and Zn 2 + are removed from the plasma membrane and thus release the blockage to the sperm oxidase, allowing the production of O 2
•-. However, this efficient regulatory mechanism that avoids premature capacitation before the spermatozoon reaches the oviduct cannot stop the production of this ROS once it started: thus, immediately upon production, O 2
•-is used and the excess dismutates to H 2 O 2 that accumulates and becomes a potential toxic factor for sperm viability. In the following section, mechanisms to deal with ROS production and to avoid potential toxic effects of these reactive molecules in the spermatozoon will be discussed.
PEROXIREDOXINS, NEWLY DISCOVERED MODULATORS OF SPERM FUNCTION
Peroxiredoxins are acidic proteins of ~ 20-31 kDa with one or two Cys residues at the active site that are required for their enzymatic activity. 78 They can reduce both organic and inorganic hydroperoxides 79 and ONOO -. 80, 81 PRDXs have sufficient SH reactivity to be direct targets for H 2 O 2, and this is consistent with the findings that they are readily oxidized in cells exposed to low levels of this ROS. [82] [83] [84] [85] The capability of scavenging different ROS makes PRDXs valuable candidates in the protection of spermatozoa against oxidative stress. The six members of the PRDX family are differentially localized in subcellular compartments of human spermatozoa, 86, 87 circumstances that allow local control of ROS levels. Within the PRDX family, PRDX6 is the most abundant isoform in human spermatozoa. 86 There are decreases in the amounts of PRDX1 and PRDX6 in spermatozoa from infertile patients •-that can dismutate spontaneously to form H 2 O 2 , triggering capacitation. SOD and CAT, both acting extracellularly, are able to block sperm capacitation, thus confirming that the production of these ROS forms is at the level of the plasma membrane. NO is also needed for sperm capacitation. Candidates for the source of this ROS could be a specific NOS or an oxidase with intrinsic NOS activity since L-NAME or L-NMMA-both inhibitors of NOS activityprevent capacitation. It is also plausible that endogenous production of ROS is required for capacitation. AC: adenylyl cyclase; PTK: protein tyrosine kinase; ROS: reactive oxygen species; SOD: superoxide dismutase; NO: nitric oxide; CAT: catalase; H 2 O 2 : hydrogen peroxide; O 2
•-: superoxide anion; NOS: nitric oxide synthase. •-for bull sperm capacitation. Lactate is converted by the LDH-C4 cyt into pyruvate and NADH that will be used as oxidases for capacitation. The pyruvate will enter into the mitochondrion to be converted into acetyl-CoA and enter into the Krebs cycle. Then, reducing equivalents will be transferred to the respiratory chain to produce ATP that will be used for energy purposes and to provide phosphate groups for a series of phosphorylation events. AC: adenylyl cyclase; PLC: phospholipase C; PKA: protein kinase A; PKC: protein kinase C; PTK: protein tyrosine kinase; O 2
•-: superoxide anion; LDH-C4 cyt : cytosolic lactate dehydrogenase-C4. The LDH-C4 pm located at the plasma membrane utilizes exogenous pyruvate and NADH to produce lactate and NAD+. Lactate will then enter into the spermatozoon and be converted into pyruvate and NADH by the LDHcyt as described in Figure 2 . Cytosolic oxidases can then utilize the NADH to generate cytosolic O 2 •-needed for capacitation. ROS: reactive oxygen species; LDH-C4 pm : lactate dehydrogenase-C4; O 2
•-: superoxide anion.
with clinical varicocele or idiopathic infertility. 88 Interestingly, the level of SH oxidation of PRDX1 and PRDX6 is increased in spermatozoa from these patients. Along with these abnormalities in the amount or status of SH of PRDXs, these patients showed increased levels of sperm DNA fragmentation (measured by the Sperm Chromatin Structure Assay) and lower motility than healthy controls. Moreover, multiple regression analyses confirmed that the DNA fragmentation levels depend on the status of oxidation of PRDXs. Recently, it was reported that mice lacking PRDX6 are susceptible to oxidative stress showing reduced sperm motility and sperm chromatin abnormalities. 89 From these studies, in human infertile patients and mice, it is clear that PRDXs play important roles in the protection of spermatozoa against oxidative stress.
An important feature of PRDXs is their ability to form complexes ranging from dimers to decamers of high molecular mass upon oxidation. 90 These high molecular weight complexes can be reproduced by incubating human spermatozoa with high concentrations of H 2 O 2 , and they contain a sulfonated form of PRDX6 and presumably also of PRDX1. 86 When PRDXs are sulfonated, they become chaperones to protect other proteins from oxidative stress. These complexes containing a sulfonated form of PRDX6 can be found in spermatozoa from infertile patients. 88 Oxidized PRDX6 is reduced by the glutathione-S transferase pi (GSTpi) and glutathione (GSH) system. 91, 92 It is well-known that the concentration of GSH in spermatozoa is extremely lower than in somatic cells (0.3 mM and 10 mM, respectively), 93, 94 thus the recycling system exerted by GSTpi is very limited in the spermatozoon. Moreover, formation of the sulfonated form of PRDX6 is irreversible, 95 in contrast to sulfonated 2-Cys PRDXs that can be reduced by sestrins or sulfiredoxin. 43, 96 Together, these data highlight the importance of sufficient PRDXs in the spermatozoon to assure normal function and demonstrate the high sensitivity of PRDXs to oxidative stress. Based on the evidence presented, the spermatozoon has a limited system to fight against oxidative stress, given its high sensitivity when challenged with an oxidative stress. 57, 97 This is because the cytosolic space where SOD and cytosolic PRDXs are located is very limited. 73 2-Cys PRDXs (PRDX1-4) and PRDX5 can be reduced by the thioredoxin/thioredoxin reductase system that is present in the spermatozoa, and play important roles in protection against oxidative stress. The need for functional TRXs in the protection of spermatozoa has been demonstrated using Txndc2 and Txndc3 double knockout male mice; these animals show impaired sperm motility and elevated DNA damage and impaired chromatin in spermatozoa upon aging, 98 a situation directly linked to the promotion of oxidative stress in vivo. 57, 98, 99 Although other antioxidant enzymes such as glutathione peroxidases (GPX) and CAT may be candidates in the defense of the spermatozoon against oxidative stress, the sperm's H 2 O 2 scavenging capacity does not involve these enzymes. CAT is present in peroxisomes and leaves the spermatozoon with the residual body during spermiogenesis. 100 Moreover, its inhibition by sodium azide did not reduce H 2 O 2 scavenging capacity nor increased lipid peroxidation in human spermatozoa treated with 1 mM H 2 O 2 . 87 GPX2, 3 and 5 are not present in the human testis, seminal plasma or spermatozoa 101, 102 and GPX4 is inactive as an antioxidant enzyme but is important in the formation of the mitochondrial sheath. [103] [104] [105] The possible role of GPX1 in spermatozoa is controversial because GPX1 activity was measured using cumene hydroperoxide and NADPH, 106 substrates also used by PRDXs. In summary, PRDXs and the TRX/TRD system are major protectors of spermatozoa, depending on the levels of oxidative stress.
INVOLVEMENT OF PEROXIREDOXINS IN SPERM CAPACITATION
In somatic cells, PRDXs play roles not only as protectors against oxidative stress but also in modulating ROS signaling. [43] [44] [45] In the case of the human spermatozoon, I have already explained how elevated levels of Sg and Zn 2 + in seminal plasma prevent the premature capacitation. 77 However, it is still to be elucidated how the spermatozoon controls the levels of the produced ROS to keep within a normal physiological range and avoid toxicity. The PRDX family members are attractive candidates in regulating the levels of ROS for physiological functions because of their abundance and strategic localizations. 86, 87 Human spermatozoa incubated under capacitating conditions with fetal cord serum ultrafiltrate in the presence of thiostrepton, an inhibitor of 2-Cys PRDXs, 107 showed reduced levels of tyrosine phosphorylation in a dose-dependent manner compared with controls in the absence of the inhibitor (Figure 5) . These results indicate the need for active 2-Cys PRDXs to assure tyrosine phosphorylation during capacitation, possibly by regulating ROS action.
PRDX6 is the only family member with Ca 2+ -independent phospholipase A 2 (Ca 2 + iPLA 2 ) activity. 106 When we incubated spermatozoa under capacitating conditions in the presence of 1-hexadecyl-3-trifluoroethylglycero-sn-2-phosphomethanol (MJ33), an inhibitor of the Ca 2 + iPLA 2 activity of PRDX6, 108 we also observed a reduction in tyrosine phosphorylation to a level similar to those of noncapacitated spermatozoa ( Figure 5 ). This experiment opens new avenues for research to elucidate the regulation of phospholipids and of restructuring of plasma membrane components during sperm capacitation. From these studies, we can hypothesize that 2-Cys PRDXs are needed to control the ROS produced during capacitation to assure the signaling required to make the spermatozoon competent to recognize and fertilize the oocyte (Figure 6 ). This is supported by the fact that low amounts and thiol oxidation of PRDXs are associated with men infertility. 88 Peroxiredoxins need to be reduced after being oxidized by ROS to keep at low levels these reactive molecules and avoid toxicity. The TRX/TRD system and/GSTpi should have sufficient supply of NADPH and of GSH, respectively, to assure the activity of PRDXs (Figure 6 ). Intact activity of G6PDH and of ICDH is needed to guarantee the supply of NADPH required for the reduction of oxidized TRXs. Failure to obtain sufficient amounts of NADPH or GSH by spermatozoa will promote an sustained inactivation of PRDXs that will lead to impairment of capacitation and motility by increasing redox-dependent modifications such as S-glutathionylation or tyrosine nitration as seen in human spermatozoa under conditions of oxidative stress. 109, 110 CONCLUSION Mammalian sperm capacitation is an oxidative event. The production of different types of ROS is a necessary step in the promotion of this process for the spermatozoon to be able to fertilize the mature oocyte. ROS production is an enzymatic event driven by the putative sperm oxidase, although its identity is still elusive. Many research strategies have demonstrated that ROS production occurs mainly in the plasma membrane because SOD and CAT prevent capacitation, at least in human and bovine spermatozoa. However, the participation of cytosolic oxidases is possible and needs further investigation. NO
• production has been also associated with capacitation. Many forms of NOS have been described in mouse and human spermatozoa, and their specific inhibitors were able to prevent capacitation, thus supporting the need for NOS activity in this process. To produce ROS, the sperm oxidase and NOS require NAD (P) H that can be supplied by dehydrogenases located both in the plasma membrane and the cytosol.
Both Sg and Zn 2 + act in preventing the premature capacitation. However, how redox signaling is regulated once ROS are being produced is still unknown. PRDXs are attractive candidates to accomplish this regulation as they have not only antioxidant properties but they are also able to control the production and action of ROS in different compartments of somatic cells. Here, preliminary evidence has been presented that account for a similar regulatory mechanism in human sperm capacitation.
Redox signaling is necessary for capacitation and can be disrupted by oxidative stresses, as observed in spermatozoa from infertile men. Functional PRDXs, the TRX/TRD system and GSTpi along with sufficient concentrations of GSH and NAPDH are needed to assure redox signaling in the spermatozoon. •-, H 2 O 2 , NO . , and ONOO-are produced upon specific stimulation by capacitation inducers. 2-Cys PRDXs becomes oxidized and, therefore, inactive by reacting with H2O2. PRDX5 and PRDX6 react with either H2O2 or ONOOand also become inactivated. This inactivation of PRDXs allows the rise of ROS in the different subcellular compartments of the spermatozoon to trigger the redox signaling necessary for capacitation. When the signal is delivered, PRDXs are reactivated by the thioredoxin-thioredoxin reductase system (for 2-Cys PRDXs and PRDX5) and by glutathione-S-transferases coupled to reduce GSH (for PRDX6). To accomplish the reactivation of PRDXs, it is necessary for a sufficient supply of NADPH (generated by G6PDH and by NAP-dependent ICDH) and of GSH. Failure to supply sufficient NADPH and GSH will reduce the ability to reactivate PRDXs and, therefore, permit the rise of ROS to toxic levels. ROS: reactive oxygen species; O 2
•-: superoxide anion; H2O2: hydrogen peroxide; NO • : nitric oxide; ONOO-: peroxynitrite; GSH: glutathione; G6PDH: glucose 6-phosphate dehydrogenase; ICDH: isocitrate dehydrogenase; PRDXs: peroxiredoxins.
